We investigate the advantages of employing a fiber faceplate in a snapshot polarimetry system. Our previous work at Sandia National Laboratories indicates that diffraction and propagation between the micropolarizer array, the microwaveplate array, and the Focal Plane Array (FPA) degrade performance, as quantified by the extinction ratio 1,2 . Crosstalk between adjacent pixels due to diffraction increases uncertainty of the measured polarization states in a scene of interest. These issues are exacerbated in the long-wavelength regime and as FPA pixel dimensions decrease.
INTRODUCTION
There is a significant level of interest in capturing polarization information from an imaged scene in both the mid-wave infrared (MWIR) and long-wave infrared (LWIR). Of the several techniques available [4] [5] [6] [7] , snapshot [8] [9] [10] polarimetry is of great interest given the significance of capturing the four Stokes parameters from dynamic scenes. The usual method of implementing snapshot polarimetry is to fabricate the three components separately, each on their own substrates: the microwaveplate array usually in a high refractive index material; the micropolarizer on a low refractive index substrate; and the FPA on a semiconductor substrate. The three components are then assembled by gluing the micro-polarizer on top of the FPA, and the microwaveplate on top of the micropolarizer, see figure 1(a).
Previous work
1,2 has indicated that for typical micropolarizer sizes, dimensions on the order of 2 to 12 waves, will diffract light in such a way that crosstalk between adjacent pixels is enough to generate uncertainty about the polarization state of the field being imaged. This situation worsens as the pixel sizes decrease with respect to the wavelength and the distance increases between the pixelated micropolarizer/microwaveplate array and the FPA. Figure  1 (b) shows two experimentally measured images 1-3 from a micropolarizer array at two distances in free space, 0 and 152 micrometer for an input wavelength of 3.39 µm. The 152µm thickness is optically equivalent to a glass substrate of 225µm. The importance of the second image is the increased crosstalk between adjacent pixels and the loss of the original pixel intensity profiles. This leads to increased error in the measurement of the polarization state of the imaged field.
In section two, we will introduce a practical approach to reduce diffraction, therefore crosstalk, by guiding the image of the microwaveplate and micropolarizer array using a fiber optics faceplate. The next section will compare simulated results with experimental data from previous work to ascertain the validity of our model. The third section will quantify performance with modeling results of a faceplate imaging a checkered light source, intended to simulate the transmission from a micropolarizer array. Figure 1 Panel (a) depicts the traditional way of assembling an imager that implements four-state snapshot polarimetry. The different components are fabricated on their own substrates: microwaveplate, micropolarizer and the FPA. Unfortunately, diffracted light will have to propagate across a significant distance through a substrate. Diffraction increases crosstalk between adjacent pixels. Panel (b) depicts an experimentally measured infrared image (at a wavelength of 3.39µm) of a micropolarizer array, 0µm, and 152µm in free space (respectively) from the polarizer plane. Notice the increase in diffracted light in the black areas where there should not be any light.
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APPROACH
The key to this approach is to replace the substrate used to fabricate the micropolarizer array with a fiber optic faceplate. For the applications in the MWIR, the faceplates could be made with heavy metal fluoride glass (HMFG) fibers 11 . These materials typically have a low refractive index, around 1.45. A low index is important for a desired extinction ratio and transmission of TM light, a low refractive index glass requires smaller aspect ratio for the wiregrid polarizers 12 . Other fibers have larger indices: chalcogenide is on the order of 2.6 to 2.9, germanate fibers are about 1.8, and crystal fibers are 2.2 11 . Since the HMFG fibers cannot be used at the LWIR range due to increased loss at wavelengths larger than 5 microns, some of the crystal and chalcogenide fibers could be considered as alternatives. Figure 2 The solution we propose is to fabricate the micropolarizer array on top a fiber optic faceplate. The microwaveplate array can be aligned and glue on top of the micropolarizer array, the microwaveplate array and the micropolarizers are facing each other. The fiber optic faceplate will guide the image of the two arrayed devices to the FPA.
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After fabricating the micropolarizer array on the faceplate, then it can be integrated with the FPA. The micropolarizer array will be facing the microwaveplate and away from the FPA, figure 2. Placing the micropolarizer array facing the FPA and away from the microwaveplate does not work because the fiber faceplate scrambles the polarization of the incident light. Intensity and contrast ratio are the only important parameters after the micropolarizer and they are well preserved by the faceplate.
VERIFYING MODELING TOOL
To verify our model we began with data from a previous set of experiments where a 4 x 4 µm VCSEL illuminated a fiber array 13 Figure 3 Image from measurement indicating that we get an average of 65.6% transmitted through the fiber array, shown in panel (a), when the VCSEL is placed 0 to 1µm away from the fiber array. Panel (b) shows a 38.6% transmission when the VCSEL is located 100µm away from the input of the fiber array.
A non-sequential ray tracing software was used to model the system. It uses a square source with the same dimensions of the VCSEL. The divergence of the VCSEL is defined in the model by the relation:
C n was estimated to be ~25, for an NA of 0.38. In our simulation, the VCSEL is located at 1µm and 100µm from the 
NON-SEQUENTIAL MODEL OF FACEPLATE
To implement the faceplate using the non-sequential model we use refractive indices for the core and the cladding similar to the ones used in the experiment with the FIG. Possible variations in cladding and core refractive index allow access to a full range of faceplate NAs from 0.1 to 1. These refractive indices would be consistent for a waveplate based on HMFG or germanate materials.
The model starts with a checkered, amplitude source pattern to simulate the field transmitted by the pixelated micropolarizer, figure 5(a) . Each pixel source has its own divergence to represent the diffraction effects of a range of wavelengths for a specific pixel aperture size. Equation 1 defines this divergence in the model. We describe a source pixel NA for angles where the intensity is at the 1/e 2 of the I 0 value. We used C n = 5.5 for NA= 0.7; C n = 133 for NA= 0.17; and C n = 535 for NA= 0.09. The pixels are 30µm wide. Four of the pixels have a unity power, representing an incident electric field perpendicular to the wiregrids of an ideal polarizer. Other four pixels will have half unity power, representing a 45° and/or 135° orientation of wiregrids with respect to the incident electric field for naturally polarized incident light. Eight pixels have zero light, representing an ideal polarizer with the wiregrids oriented at 0 degrees from the electric field.
The main parameter that we calculate in the model is extinction ratio after the faceplate. This allows us to compare the effects of a faceplate with an ordinary substrate. The model has a faceplate that is 0.5-millimeter thick, with a fiber pitch of 10µm and set in a rectangular array. The rectangular array is necessary to properly integrate with the FPA pixels. The fibers have 8µm diameter cores with a 10µm diameter cladding. We varied the core and cladding refractive indices to obtain several NAs that vary from 0.1 to 1. The NA of the fiber can be calculated from:
( ) shows that the intensity profile from the microwaveplate-micropolarizer plane is successfully guided to the FPA plane. The extinction ratio between one of the unity power pixels (dotted black square) and a zero light pixel (dashed black square) is 24:1. Removing the faceplate from the system shows that the image is completely lost to diffraction, see figure 5(c), and it measures an extinction ratio of 1.3:1. In this case, the pixel source NA is 0.7 and the faceplate NA is 0.537; the core and cladding refractive indices are 1.58 and 1.486, respectively. The gap between the fibers is air for this case. 
Figure 6
Extinction ratio curves for different faceplate fibers NA and three types of source pixel NA. The source pixel NA is a way to represent the diffraction at the aperture of the pixels. The non-sequential tool emits the rays using a cosine distribution and we selected a 1/e 2 cut-off to define the NA of the pixel. The curves indicate that low source pixel NAs (little diffraction) do not necessarily mean higher extinction ratio
We examined the effect of the faceplate-fiber NA and the source pixel NA on the extinction ratio value, figure 6 , and is remarkable that the overall highest extinction ratio is for the pixels with NA= 0.17 and not the pixels with the smallest pixel NA= 0.09. Additionally, as the pixel NA decreases, the need for a faceplate decreases too since this corresponds to decreasing amounts of diffraction. For the case where the pixel NA is 0.09, figure 7 , the extinction ratio is 20:1 with a faceplate and 4:1 without it. As the source NA gets even smaller the extinction ratio without a faceplate increases. This will be valid when the pixel size is larger than the wavelength by a factor greater than 30, leading to reduced diffraction. Figure 8 shows that the optimum extinction ratio occurs when the fiber gap filler has a refractive index of 1. We again used the fiber core refractive index of 1.58 and the cladding index of 1.486 for a fiber NA of 0.537. It was expected that the extinction ratio would grow by increasing the gap filler refractive index to larger values than the index of the cladding, but the increase only provided a small raise in extinction ratio. 
Figure 8
Extinction ratio curves for different refractive indices for the interfiber gap fillers. The optimum configuration is obtained for a refractive index of 1. As the index increases, the extinction ratio decreases to a value close to five when the refractive index matches the cladding. The fiber NA for this faceplate is 0.537, with a core of 1.58 and a cladding of 1.486.
We noticed a subtlety with this analysis approach. We used a faceplate with a fiber NA of 0.537, the core refractive index is 1.58, and the cladding is 1.486. However, from Equation 2 above, it is possible to obtain the same NA with a different pair of refractive indices, e.g. n core = 1.8, n cladding = 1.718. The resulting extinction ratio of the faceplate will change, see figure 9 . Of course, changing the core and cladding may not be an option for the faceplate; however, the gap filler may be an easier parameter to modify. 
Figure 9
Extinction ratios as function of fiber faceplate NA for two core refractive indices: 1.58 and 1.8. The gap filler is absorptive and has a refractive index n= 1.61+i0.00171. The absorptive gap filler increases the extinction ratio by a factor of five for the core with n= 1.58. For a core with n=1.8 the increase factor is 30 to 1000 when the cladding refractive index is larger than the refractive index of the gap filler; when the cladding is lower the increase in extinction ratio is by a factor of five.
Having an absorptive gap filler should eliminate the light propagation between the fibers and increase the extinction ratio. For a fully absorptive gap filler, and no other sources of TE crosstalk, the degradation of the extinction ratio through the faceplate is eliminated and the simulated output has an infinite extinction ratio. A more realistic absorptive gap filler could have a refractive index n= 1.61 and transmit 1% through a one millimeter substrate, or an equivalent n= 1.61+i0.00171. Figure 9 shows the extinction ratio performance with a gap filler of this refractive index. The figure shows the extinction ratios as function of fiber faceplate NA for two core refractive indices: 1.58 and 1.8. The absorptive gap filler increases the extinction ratio by a factor of five for the core with n= 1.58. The cladding refractive index does not exceed the refractive index of the gap filler for any case. For a core with n=1.8 the increase factor is 30 to 1000 when the cladding refractive index is larger than the refractive index of the gap filler. When the cladding is lower, the increase in extinction ratio is a factor of five.
CONCLUSIONS
We have shown a method to fabricate in a realistic way a snapshot polarimeter that can characterize the four Stokes' parameters. Implementing snapshot polarimetry with individual substrates for each element results in low extinction ratios. Diffraction effects due to the aperture of the pixels increase crosstalk and reduce extinction ratio. We propose to exchange the micropolarizer substrate with a fiber optic faceplate. The faceplate should be made of materials used in fibers that work in the infrared, such as heavy metal fluoride glass (HMFG) for the MWIR or chalcogenide for the LWIR range. Our analyses include various divergences of the light incident upon the faceplate and various fiber NAs within the faceplate. The extinction ratio was optimum for the configuration with a fiber NA near 0.5 and a light source divergence of 10 degrees. For faceplates without gap fillers, the extinction ratio is between 17:1 and 33:1 for all faceplate fiber NAs and source light divergences. We considered different refractive indices for the gap filler and noticed that the extinction ratio diminishes to 5:1 when the refractive index is the same for the interfiber gap filler and the cladding, and barely increasing at larger refractive indices. If the refractive index is complex, the material is absorptive, and the extinction ratio increases to 170:1 when n cladding < n gap_filler and increases to 30000:1 when n cladding > n gap_filler .
Further work should be done to realize this approach. We want to quantify the lateral position tolerance of the faceplate with respect to the micropolarizer array. Clearly, a misalignment will lead to crosstalk into adjacent pixels. We should look at performance variations between fiber array geometries such as rectangular and hexagonal. Moreover, we can characterize modeled predictions of extinction ratio with fiber dimensions. Finally, we need to fabricate these configurations and confirm our modeling predictions with measurement.
